A transient decaribonucleotide (iRNA) is covalently linked to nascent eukaryotic DNA chains at their 5' end. Searching for the putative i_RNA polymerase (primase), we detected in extracts from SV40-infected cells a DNA-dependent incorporation of UMP residues from UTP into free and DNA linked deca-or similarly sized Tjbonucleotides. Denatured salmon sperm DNA served as the standard template in this reaction. SV40 Fill DNA was also an effective template , SV4O FII DNA was ineffective while FI yielded mainly free decaribonucleotides. The incorporation depended on the other rNTPs and was resistant to high concentrations of a-amanitin and rifamycin AF/013, drugs inhibitory to RNA polymerases I, II and III. The results implicate the decaribonucleotide polymerase in the priming of nascent DNA chains and suggest that the unique size of iRNA is encoded within its primase.
INTRODUCTION
Eukaryotic nascent DNA chains contain at their 5'-ends a transient, covalently linked decaribonucleotide of near-random sequence (iRNA), which is implicated in their priming (1) (2) (3) . The unique size of iRNA and its sequence heterogeneity distinguish it from other transcripts whose lengths and compositions are determined by promotion and termination signals. Other specific traits of iJWA synthesis are (i) its resistance to a-amanitin (4, 5) , an inhibitor of RNA polymerases II and III (6, 7) , (ii) the ability to introduce in vitro deoxyribonucleotides into jjWA (8, 9) and (iii) to substitute one of its ribonucleotide precursors by another (10) . A special ijlNA polymerase was invoked, based on these data (8) , analogous to E. coli dnaG protein, or primase (11) . We describe here a novel DNA-dependent oligoribonucleotide polymerase activity from SV40-infected BSC-1 monkey cells with properties expected of iRNA primase.
MATERIALS AND METHODS
Materials -Rifamycin AF/013 was a gift from Gruppo LePetit, Milano.
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DideoxyTTP was purchased from P-L Biochemicals and venom phosphodiesterase from Worthington. Salmon sperm DNA (Sigma) was treated with 1M NaOH for 16 hours at 37°C, neutralized, dialyzed against 10 nM NaCl, 10 mM Tris-HCl 32 buffer, pH 7.5; 1 mM EDTA and denatured again by heat, (a-P)UTP (Amersham) was purified before use on a DEAE-cellulose column using 0.2 M ammonium bicarbonate as eluant. Other reagents are mentioned in refs. 5 and 12. Preparation of whole cell extracts -Extracts were prepared from SV40-infected BSC-1 cells by a modification of the procedure of Manley et al. (13) . The medium was removed 36 hours post-infection at 37°C and the cells chilled. Further operations were at 0-2°C. The plates were washed twice with 10 ml of a hypotonic buffer containing 10 mM Na-HEPES, pH 7.9; 1 mM DTT and 0.2 mM PMSF. The plates were drained well and cells scraped off with a rubber policeman. The suspension was homogenized in a Dounce mortar with 8 strokes of pestle B. An equal volume of 50 mM Na-HEPES, pH 7.9; 10 mM MgCl.,, 2 mM DTT, 25% sucrose and 50% glycerol was added. The mixture was stirred gently and 0.1 volume of saturated ammonium sulfate solution added to it dropwise. After 20 min of further stirring, the mixture was centrifuged in a Beckman Ti 60 rotor for 3 hours at 50,000 rpm, solid ammonium sulfate (0.33 g/ml) and 0.1 M Tris base (0.03 v/v) were added to the supernatant, the mixture stirred for 30 min and centrifuged for 30 min at 15,000 g. The pellet was dissolved in 0.1 the supernatant volume of 20 mM Na-HEPES, pH 7.9; 12.5 mM MgCl 2 , 60 mM KC1, 0.1 mM EDTA, 1 mM DTT and 17% glycerol. The solution was dialyzed against the same buffer, clarified then by centrifugation and stored at -80 C. Protein was determined on TCA precipitates according to ref. 14. Crude extracts from calf thymus were prepared according to Weil and Blatti (22) and consisted of the lower third of the 95,000 g supernatant and pellet.
Assay for iRNA primase -The standard assay mixture contained in 10-100 pi about 2 mg/ml extract protein, 100 pg/ml each of a-amanitin and rifamycin AF/013, 1 mg/ml denatured salmon sperm DNA, 100 pM of ATP, GTP and CTP, 1-1.5 pM of (a-32 P)UTP at 300-400 Ci/mmol, 36 mM KC1, 100 mM ammonium sulfate, 7 mM MgCl., 12 mM Na-HEPES, pH 7.9 and 1 mM DTT. The reaction was started by adding the enzyme-drugs-ammonium sulfate mixture (0.7 volume), which was preincubated for 30 min at 0 C, to the remainder of the mixture. Incubation was at 25°C for the indicated time and was stopped by adding 10-20 volumes of a solution containing 2 pg/ml proteinase K, 20 pg/ml carrier RNA, 0.1% SDS, 10 mM NaCl, 10 mM Tris-HCl, pH 7.5; and 5 mM EDTA. Following at least 30 min incubation at 25°C, the mixtures were adjusted to 
RESULTS
Detection of a DNA-dependent decaribonucleotide polymerase activity in whole-cell extracts
To monitor the primase products, we looked for the incorporation of RNA precursors into free decaribonucleotides, their DNA-linked derivatives or eventual degradation products. Several measures were required, however, to reduce the level of irrelevant transcripts and to detect the desired products. Thus, the standard assay mixture contained rifamycin AF/013 and a-amanitin, drugs which inhibit RNA polymerases I-III or II and III respectively (16,6,7),but not ongoing papova virus DNA synthesis (4,5 and our unpublished results). Second, the mixture contained salts at concentrations inhibitory to RNA polymerase I (17) . Thirdly, the mixture contained added rNTPs at relatively low concentrations, compared to RNA polymerase assays. Particularly low was the concentration of the labeled precursor, 32 (a-P)UTP, which was included at about a twenty fold lower concentration than its reported Ks in RNA polymerase reactions (18) . It was expected that the reduced rNTP concentrations would affect the primase less than other RNA polymerases, since polyoma DNA synthesis proceeds in isolated nuclei effectively without added rNTPs (19) , and since one rNTP precursor of iJINA may substitute for another (10) . Finally, the reaction products were separated by electrophoresis on dense, denaturing polyacrylamide gels, either before or after DNase digestion, to detect any free or DNA-linked oligoribonucleotides. The extract was prepared from SV4O-infected BSC-1 cells, which are uniformly induced to synthesize DNA and contain elevated levels of replicative enzymes (20) , including probably the putative primase.
Briefly, cells were lyzed hypotonically, the lysate adjusted to a high salt concentration to elute more protein from the nuclei and clarified by highspeed centrifugation. The supernatant was made up to 50% saturation in ammonium sulfate and the precipitating fraction served as source of enzyme.
In the standard primase assay, this extract was incubated with denatured salmon sperm DNA template, drugs, ribonucleotide precursors, salts and buffer as detailed in METHODS. It should be noted, however, that the crude assay mixture contained an undetermined quantity of dNTP contaminants (see below). The reaction products were extracted with SDS-proteinase K, repeatedly precipitated with alcohol and subjected then to analyses on polyacrylamide gel electrophoresis.
As shown by denaturing gel-electrophoresis, label was incorporated from (a-P)UTP into polynucleotide products ranging from about 10 to a few hundred residues. This incorporation depended on the extract (Fig. 1A) and to a large extent on the added DNA templates (Fig. IB) . In the absence of added template, there were usually seen 4S and longer chains whose identity was not further investigated. On a nondenaturing gel, the bulk of the template-dependent products of the standard mixture migrated as high molecular weight compounds, but could be released into the lower weight range upon prior denaturation (Fig. 1C) , demonstrating that the product chains were annealed to the highly polymerized template.
When the standard denatured salmon sperm DNA template was substiuted with defined double-stranded DNA templates such as SV40 FI, II or III, incorporation of P-UMP occurred into products featuring the same lower boundary but differing in other respects (Fig. IB) . Thus, FI and especially FII DNA, were by far less effective than the denatured salmon DNA template, while FI DNA yielded a much narrower range of template-dependent products, with decaribonucleotides predominating. Fill DNA was at least effective as the standard template but its product-pattern was more distinctly banded.
It should be noted, however, that these DNA species were altered during the incubation with the crude extract. Thus, FI DNA became completely converted into FII during IS min incubation with the crude extract, while FII and III were further degraded, albeit more slowly.
The amount and size-distribution of the products were time dependent (Fig.2) .
In early time points ("0 min" was about 30 sec at 0°C) there accumulated chains of a narrow size distribution and a lower boundary of 10 residues.
Upon further incubation, the proportion of longer chains increased, with a concommitant appearance of oligonucleotides smaller than 10 residues. When subjected to DNase I digestion, under conditions which did not affect the carrier RNA, the long chain products were reduced in size, being largely converted, in the experiment shown, into a residue of ca. 20-10 nucleotides.
In the other experiments, under more drastic digestion conditions, the DNase I digest residue was of the same lower boundary but of a much narrower size distribution (Fig .7 ) . These data suggested that UMP residues became incorporated first into uniquely sized oligoribonucleotides, probably decaribonucleotides, which were later elongated (given the appropriate template) through DNA polymerase reactions, and eventually were degraded by nucleases.
The dependence of the incorporation from UTP into the free and DNA-1 inked decaribonucleotides on added rNTPs and dNTPs is shown in Fig. 3 . Omission of the drugs, a-amanitin and rifamycin AF/013, had no effect on the extent of incorporation into the DNA-linked decaribonucleotides and did not result, under the standard assay conditions in a significant incorporation into DNase resistant products entering the gel (Fig. 4) . Such a Drugs tamatTifl DNase 
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DNase resistant incorporation could be seen in the absence of the drugs, when higher rNTP concentrations were used (Fig. 5) .
A similar incorporation of 32 P-UMP into DNA-linked decaribonucleotides, under the standard assay conditions, was observed with extracts prepared from uninfected BSC-1 cells (not shown) and from calf thymus (Fig. 6) .
Identification of the long chain products as DNA-linked decaribonucleotides.
Initiator RNA is released from Okazaki pieces by DNase I treatment as a decaribonucleotide which is still linked to a resistant "core" of a few deoxyribonucleotides at its 3'-end (1,3) . The fact that the DNase digest residue featured in some experiments, such as in Fig. 2 , a wider distribution, was due to the high concentration of the template DNA which prevented the completion of the digestion. To avoid this inhibition and to analyze different size-classes of the products, they were extracted from various gel fractions and subjected then to DNase I and other enzymic digestions.
Upon DNase I digestion, the various size-classes were converted into a limit digest, usually within the (pA) 1Q 15 marker range (Fig. 7 ). This limit digest was completely degraded by nuclease T. into a mixture of the four 3' rNMPs, at comparable proportions, while digestion with nuclease PI yielded 5'-UMP exclusively (Table 1) . Partial digestion of a polynucleotide fraction of the assay mixture products, ranging between ca. 13 to 17 Calf thymus was extracted according to Weil and Blatti (22) and the combined lower third of the 95,OOOg J supernatant and pellet assayed as in I METHODS. The reaction products were analyzed before (-) or after (+) DNase digestion.
2O-1 0 residues, with snake venom phosphodiestrase yielded digestion intermediates with a decanucleotide boundary, which became degraded eventually into smaller oligonucleotides (Fig. 8) . Since this exonuclease acts on deoxyribonucleotide substrates much faster than on ribonucleotides (21), it was concluded that several deoxyribonucleotides were removed from the 3' end of a decaribonucleotide which was further degraded at a slower rate. Furthermore, this result also indicated that LIMP was incorporated in internal positions of the decaribonucleotide chain.
Taken together, these analyses demonstrated that UMP residues were transferred into nonspecific phophodiester bonds in decaribonucleotides, which became linked at their 3'-ends to polydeoxyribonucleotide chains of various lengths.
DISCUSSION
In the foregoing we describe anoligoribonucleotide polymerase from SV40-infected simian cells with properties expected of an iRNA primase, the correspondence being manifested in the nature of the products and the conditions of their synthesis. Thus, the products were free or DNA-linked oligoribonucleotides similar to i^RNA seen in the polyoma, SV40 and lymphocyte in vitro systems (1-3). These iRNA-like products were synthesized under conditions unfavorable to the known cellular RNA polymerases. For example, Polynucleotide fractions were extracted as in Fig. 5 and digested with the indicated nucleases. The products were separated by highvoltate paper electrophoresis at pH 3.5 and quantitated by counting in toluene scintillation fluid.
--- Fig. 8 . Partial digestion of a polynucleotide-product fraction with venom phosphodiesterase -A 13-17 nucleotide fraction of the standard mixture products , ., was incubated with venom phosl P A 'n phodiesterase in 20 mM Tris-HCl, pH 8.5; 10 mM MgCl, for 1 hour at 37°C. a -no enzyme, b -0.1 pg/ml and c -10 yg/ml enzyme.
a-amanitin and rifamycin/AF013 did not affect the incorporation into the free and DNA-linked oligoribonucleotides, although these drugs almost completely inhibit RNA polymerases I, II and III (8, 9) . Surprisingly, the DNAlinked oligoribonucleotides remained the major product even when these drugs were omitted from the standard reaction mixture, as little or no DNase-resistant incorporation could be detected on the gel (Fig. 4) . Such additional products were seen at 10 fold higher concentrations of all 4 rNTPs (Fig. 5) , suggesting that rNTP limitation was the decisive factor in the selective labeling of the decaribonucleotides, and furthermore, that the decaribonucleotide polymerase has a higher affinity to rNTPs than "ordinary" RNA polymerases. A high affinity of primase for rNTPs could be an explanation of the modest rNTP requirements of polyoma DNA synthesis in isolated nuclei (19) .
Under certain conditions, it was possible to separate the synthesis of the decaribonucleotides from their subsequent elongation with deoxyribonucleotides. Thus, decanucleotides predominated at early incubation times (Fig. 2) or when supercoiled SV40 Fl DNA was employed as a template (Fig. 1) . The latter result may be due to the topological deficiency of the supercoiled DNA in double helical turns which is equivalent to partial single-strandness and allows the formation of stable hybrids with transcribed RNA (23) . These single stranded regions may suffice for the synthesis of the decaribonucleotide but be inaccessible to ensuing DNA polymerase reactions. In fact, the relaxed FII DNA did not support the preferred decaribonucleotide synthesis and hardly that of longer DNA-linked-decaribonucleotides. This result also suggested that double stranded DNA does not serve as a good template for the decaribonucleotide polymerase, in contrast to other cell RNA polymerases which do not feature such a pronounced preference for the single stranded DNA template (24) . The fact that Fill DNA was an effective template, similar to denatured salmon sperm DNA, can be reconciled with the above conclusion by assuming that the linear duplex could be frayed much easier than the circular by exonucleases or DNA-melting proteins of the crude extract.
The effective utilization of the decanucleotide as a primer for DNA synthesis could be a trivial outcome of the presence of DNA polymerases in the extract. Alternatively, it may portend a physiological significance, reflecting affinities between the decaribonucleotide polymerase and the replicative DNA polymerase, as found for the T7 bacteriophage-coded primase and the cognate DNA polymerase (25) . This possibility can be tested by studying the competition for elongation by DNA polymerase between the endogeneously synthesized decaribonucleotide and added primer-template complexes.
Attempts to effectively uncouple the decaribonucleotide synthesis in the standard assay from the subsequent DNA elongation by DNA polymerase inhibitors were unsuccessful so far. Thus, ddTTP and aphidicolin did not effectively inhibit elongation, while N-ethylmaleimide and novobiocin inhibited IMP incorporation altogether (our unpublished results).
Although the activity described here was detected in SV4O-infected cells, it seems unlikely to be coded by the virus. In fact, we have detected a similar activity in uninfected BSC-1 cells (our unpublished results) and in calf thymus (Fig. 6) , the latter source serving currently for enzyme purification.
Further investigation is needed to examine whether the oligoribonucleotide polymerase is the putative iRNA primase but considering the great similarity between the two entities, we may tentatively conclude that the biosynthesis of iRNA can be dissected from other replicative processes, being sustained merely by a primase or primase-complex and an artificial template much simpler in structure than the replicating chromatin fork. It follows then, that the unique size of iRNA is determined by the primase, rather than by the structural pecularities of the replicating chromatin.
RNA polymerase activities associated with mouse and Drosophilla DNA polymerase weTe recently reported by Yagura et al. (26) and Conway and Lehnan (27) .
